Most vascular plants acclimate respiration to changes in ambient temperature, but explicit tests of these responses in field settings are rare, and how acclimation responses vary in space and time is relatively unstudied, hindering our ability to predict respiratory release of carbon under future climatic conditions. We measured temperature response curves of leaf respiration for three deciduous tree species from 2009 to 2012 in a field warming experiment (+3.4°C above ambient) in both open and understory conditions at two sites in the southern boreal forest in Minnesota, USA. We analyzed the effects of warming on leaf respiration, and how the effects varied among species, times of season (early, middle and late parts of the growing season), sites, habitats (understory, open) and years. We hypothesized that the respiration exponent (Q 10 ) of the short-term temperature response curve and the degree of acclimation would be smaller under conditions where plants were more likely to be substrate limited, such as in the understory or the margins of the growing season. However, in contrast to these predictions, stable Q 10 and strong respiratory acclimation were consistently observed. For each species, the Q 10 did not vary with experimental warming, nor was its response to warming influenced by time of season, year, site or habitat. Strong leaf respiratory acclimation to warming occurred in each species and was consistent across most sources of variation. Most of the leaf traits studied were not affected by warming, while the Q 10 -leaf nitrogen and R 25 -soluble carbohydrate relationships were observed, and shifted with warming, implying that acclimation may be associated with the adjustment in respiratory capacity and its relation to leaf nitrogen and soluble carbohydrate content. Consistent Q 10 and acclimation across habitats, sites, times of season and years suggest that modeling of temperature acclimation may be possible with relatively simple functions.
Introduction
Plant respiration plays an important role in regulating terrestrial carbon (C) cycling (Field 2001 , Prentice et al. 2001 , and can provide a positive feedback between rising global temperatures and ecosystem CO 2 release (Luo 2007, Heimann and Reichstein 2008) .
Calculations have shown that such positive feedback could result in an additional increase of 2.5°C in the simulated global mean annual temperature by 2100 (Cox et al. 2000 , Fung et al. 2005 . Plants, however, can physiologically adjust to warming, including the adjustment of the response of respiration to temperature, also known as thermal acclimation (Oechel et al. 2000 , Atkin and Tjoelker 2003 , King et al. 2006 , Tjoelker et al. 2009 , Slot et al. 2014 , Slot and Kitajima 2015 . With acclimation, the rate of respiration in the warmed environment would be lower than for non-acclimated plants, and thus the positive feedback between global warming and ecosystem CO 2 release would be weakened (Atkin and Tjoelker 2003 , Atkin et al. 2005 , Luo 2007 , Huntingford et al. 2013 , Wythers et al. 2013 , Slot and Kitajima 2015 . The best outcome from a carbon feedback perspective is complete acclimation (homeostatic acclimation), which would result in equal rates of plant respiration in a warmed environment as compared with a previously unwarmed environment, and thus would not trigger positive feedback between global warming and ecosystem CO 2 release. Atkin and Tjoelker (2003) suggested that dynamic thermal acclimation has the potential to reduce annual CO 2 release by 40% compared with a theoretical case without acclimation. A recent prediction by Slot et al. (2014) was that the increase in leaf respiration per unit leaf area over the 21st century would be 35% lower with acclimation than without acclimation for tropical forests. However, despite considerable research on the response of respiration to changes in temperature, the degree and consistency of acclimation shown by plants across a range of sources of variation remain uncertain (Atkin and Tjoelker 2003 , Luo 2007 , Slot and Kitajima 2015 , especially for plants subjected to projected climate warming conditions.
Due to acclimation, increases in growth temperature generally lead to downward shifts in leaf respiration measured at a standardized temperature, and decreases in temperature generally lead to upward shifts Tjoelker 2003, Atkin et al. 2005) . Acclimation can result from shifts in the slope of the instantaneous response curves, shifts in the basal rate or both Tjoelker 2003, Slot and Kitajima 2015) . Experiments with seedlings grown at static temperatures in chambers, as well as field studies of mature trees grown across broad latitudinal or altitudinal thermal gradients, have shown a range of responses in the acclimation of respiration, from no acclimation to complete acclimation (Tjoelker et al. 1999a , Loveys et al. 2003 , Lee et al. 2005 , Xu and Griffin 2006 , Wythers et al. 2013 , Slot and Kitajima 2015 . Although the respiration exponent (Q 10 ) of the temperature response curve has been shown to vary with environmental conditions (Atkin et al. 2005) , acclimation to higher temperature has much more often been driven by a reduction in the basal rate than by reductions in Q 10 Tjoelker 2003, Slot and Kitajima 2015) . Up to now, acclimation to small changes in temperature in thermally fluctuating environments has often been neglected, or uncontrolled factors such as leaf development or the availability of resources (e.g., light, water or nutrients) have not been excluded (Gunderson et al. 2000 , Heskel et al. 2014b ) making it difficult to generate precise predictions of respiratory acclimation to future warming.
Current understanding of the respiratory response to warming is based in part on observations of plants having experienced differing temperatures for short-to medium-time spans (from days to <1 year) (Tjoelker et al. 1999a , Gunderson et al. 2000 , Loveys et al. 2003 , Lee et al. 2005 , Slot et al. 2014 ; but see Heskel et al. 2014b) . Whether acclimation of leaf respiration to warming is consistent across time (year or season) or space (site or habitat), and how it relates to shifts in key plant traits such as specific leaf area (SLA), leaf nitrogen and non-structural carbohydrates contents, has received scant attention heretofore (Zhou et al. 2007 , Tjoelker et al. 2009 , Ow et al. 2010 . This is problematic as the incorporation of such information into climate and C cycling models would help to determine the relative utility of constant or variable acclimation capacities and provide more realistic predictions.
The ability of a leaf to adjust its rate of respiration to environmental changes may be influenced by both light availability and photosynthetic rates (Griffin et al. 2002 , Hartley et al. 2006 , because respiration is dependent on substrate availability Tjoelker 2003, Tjoelker et al. 2009 ). Thus, if rates of photosynthesis are higher in high light than in shade, it should also increase rates of respiration. The response of photosynthesis and respiration to spatial and temporal variations in light environment has been well addressed. For example, leaf respiration rates are higher in open than in understory habitats (Valladares et al. 1997 , Lusk and Reich 2000 , and are also higher in upper canopy than in lower canopy positions (Mitchell et al. 1999 , Griffin et al. 2002 , Ma et al. 2014 ). These differences may be driven by the higher photosynthetic rates in high light, which increase levels of substrate availability in those environments. Similarly, assimilation rates are higher in the middle of the growing season than early or late in the growing season due to variations in temperature and light availability and developmental state over time (Reich et al. 1991 , Vose and Ryan 2002 , Urban et al. 2012 . Therefore, the acclimation of respiration to warming may vary with light environment and season, but this is not yet well understood. However, it is essential in predicting respiratory response to global warming at various spatial and temporal scales.
Temperate and boreal forests in the northern hemisphere play an important role in terrestrial C cycling (Bonan et al. 1992 , Goulden et al. 1998 . A better understanding of the consistency and strength of respiratory thermal acclimation in this region would greatly assist our ability to simulate this in process models. In this study, we measured the response of leaf respiration to experimental warming in three dominant North American deciduous tree species that co-occur in the northeastern USA and southern Canada. Plants at two field sites in northern Minnesota, USA were exposed to either ambient temperatures or to temperatures 3.4°C warmer in open-air conditions under both open and understory canopy conditions . Temperature response curves of leaf respiration were measured across the growing season from 2009 to 2012 to test the following hypotheses: (H1) long-term experimental warming does not affect the short-term leaf respiration response function (e.g., Q 10 ), because this represents a fundamental enzymatically driven process that should remain roughly stable whenever plants are not stressed by drought or low carbon availability (i.e., should remain stable across different temperatures, canopy positions and seasons) (Heskel et al. 2016) ; (H2) long-term experimental warming downwardly shifts the overall elevation of the response functions, such that leaf respiration rate at a given temperature is lower, consistent with an acclimation response; moreover, (H3) both Q 10 (in both warming treatments) and acclimation to warming will be modestly greater in open-than understory-grown plants, as the latter may more often be co-limited by substrate supply due to lower photosynthetic rate (Atkin et al. 2000a , Hartley et al. 2006 ); (H4) for similar reasons, both Q 10 (in both the ambient and warming treatments) and acclimation to warming will be modestly greater in mid-summer than early or late in the growing season, as conditions for optimal photosynthesis should be highest in mid-summer in this boreal-temperate ecotone (Reich et al. 1991) ; (H5) leaf traits will shift with warming (e.g., leaf nitrogen (N) and non-structural carbohydrates contents will decline) and help explain long-term responses of respiration (Lee et al. 2005 , Tjoelker et al. 2008 , Aspinwall et al. 2016 ; and (H6) acclimation will increase with each successive year because respiratory acclimation is developmentally dependent (Loveys et al. 2003 , Zaragoza-Castells et al. 2007 ) and respiratory response to warming was significantly minimized with increasing exposure time (>3 years) (Liang et al. 2013) . A companion paper examined 10 species , including the 3 studied here, and focused on their general acclimation response to temperature variation. Here, we examine data for the three species studied in the most detail, for which we have sufficient replication to robustly test the impact of a range of sources of variation such as light environment, time of season, site and year on both the short-term respiration-temperature response function and its acclimation responses to warming. These issues were not explored in our prior publication . We also examine the effects of warming on leaf traits and their relationships with respiration to explore a more mechanistic understanding of the observed patterns in respiratory acclimation.
Materials and methods

Study sites
The experiment was conducted at the Cloquet Forestry Center (CFC) in Cloquet, MN (46°40′46" N, 92°31′12″ W) and at the Hubachek Wilderness Research Center (HWRC) near Ely, MN (47°56′46″ N, 91°45′29″ W). Both sites are located in the boreal-temperate forest ecotone. The mean annual precipitation and temperature were 783 mm and 4.8°C at CFC and 726 mm and 2.6°C at the nearest weather stations to HWRC, respectively. The warming experiments at both sites were conducted on coarse-textured upland soils in mixed Populus tremuloides (trembling aspen)-Betula papyrifera (paper birch)-Abies balsamea (balsam fir) stands (with stand ages of 40-60 years) in both understory (5-10% full light) and open (40-60% full light) conditions, which are representative of the typical regeneration sites for the study species.
Experimental design
The details of experimental design have been described by Reich et al. (2015) , Rich et al. (2015) and Sendall et al. (2015) . The experiment had a 2 (site) × 2 (habitat) × 2 (warming treatment) factorial design with 6 replicates, for a total of 48 circular plots 3 m in diameter. The treatments included two levels of simultaneous plant and soil warming (ambient temperatures and +3.4°C above ambient day and night temperatures throughout the entire growing season). Both treatments included soil heating cables (unelectrified cables in the ambient plots). The heating treatment was implemented during the 2009-12 growing seasons with a synchronized above-and below-ground open-air system (i.e., without chambers) via feedback controls that acted concurrently and independently at the plot scale to maintain a fixed temperature differential from ambient conditions. For a detailed description of the experimental warming system, see Rich et al. (2015) . Although warming treatments varied slightly with site, canopy and year, in general a roughly +3.4°C warming of both aboveground plant surfaces and soil was obtained over the course of the entire growing season (Table S1 available as Supplementary Data at Tree Physiology Online, Rich et al. 2015) .
Seedlings of 11 species were planted in each plot into the existing ground vegetation of herbs and shrubs in 2008. The seedlings were obtained from the Minnesota Department of Natural Resources . Due to the time-intensive nature of gas exchange measurements, only three native deciduous hardwood species, Acer rubrum (red maple), B. papyrifera and P. tremuloides, were selected to study in detail seasonally and across years. Among the three species, A. rubrum and B. papyrifera were measured from 2009 to 2012, P. tremuloides was measured from 2009 to 2011 (Table S2 available as Supplementary Data at Tree Physiology Online).
Measurement of leaf respiration-temperature response curves
The temperature response curves of leaf respiration were measured on detached foliage sampled from ambient and warmed plots at both field sites from June to September 2009 to 2012. The species used for the measurements in each year at each site are listed in Table S2 available as Supplementary Data at Tree Physiology Online. Fully expanded, healthy leaves were collected each morning and were immediately inserted into floral water pick tubes to keep them hydrated throughout the day. The leaves were then transported to a nearby laboratory and transferred to a darkened growth chamber that was able to maintain a broad range of temperatures. Temperature response curves were measured from 12 to 37°C at increments of 5°C by adjusting the air temperatures of the growth chamber.
The dark respiration rate was measured using an infrared gas analyzer (LI-6400 portable photosynthesis system, Li-Cor, Lincoln, NE, USA) with a standard 2 × 3 cm leaf chamber, operated in an open configuration with a flow rate of 300-500 µmol s −1 and a CO 2 concentration of 400 µmol mol −1
. The leaf chamber was placed inside the growth chamber, and the leaf temperature in the cuvette was set to correspond to the temperature in the growth chamber. The leaf was allowed to stabilize at the new temperature for a minimum of 10 min before the dark respiration was measured, and the leaf was then clamped in the leaf chamber for the measurement. Three measurements were logged at 15-s intervals after the readings had stabilized and were averaged for each temperature. The humidity within the leaf chamber was controlled to the best of our ability. The details of controlling humidity in leaf chambers are described by Sendall et al. (2015) . The measurements were completed within 3-4 h. Dark respiration rates of detached leaves are relatively stable under these conditions for several hours or longer (Ow et al. 2008 , Tjoelker et al. 2009 , Slot et al. 2014 . We carried out the measurements in the early, middle and late growing season (corresponding to late spring/early summer, mid-summer and late summer/early fall) of each year to test for variation in the effects of warming on leaf respiration across the growing seasons. Our analysis showed that area-based respiration rate (R area ) was positively correlated with mass-based respiration rate (R mass ) (Figure S1a available as Supplementary Data at Tree Physiology Online). Furthermore, the percent change in R area was positively correlated with that of R mass , and the relationship was very close to 1:1 line (Figure S1b available as Supplementary Data at Tree Physiology Online). Averaged across sites, habitats, seasons, years and species, the mean values of percent change in R area and R mass were −14.9% (±3.4% SE) and −14.7% (±3.5% SE), respectively (Figure S1b available as Supplementary Data at Tree Physiology Online). Therefore, we only reported area-based respiration rate in this paper.
A subset of the leaves that were used for respiration measurements were scanned for leaf area measurements, then oven-dried at 65°C to measure leaf mass for the calculation of SLA. The oven dried leaves were ground to a fine powder for the analyses of N, soluble carbohydrate and starch concentrations. Among these leaves, 192 had enough mass for N analysis, and 79 for soluble carbohydrate and starch analysis. Leaf N was analyzed by a CHN element analyser (Perkin Elmer Corp., Norwalk, CT, USA), soluble carbohydrate and starch were analyzed using the methods of Haissig and Dickson (1979) and Hansen and Møller (1975) .
Data analysis
It has been long known that respiration increases approximately exponentially with temperature (equivalent to log-linearly) (e.g., Wager 1941) , and a number of scientists have observed the response to not be a fixed proportional change, but a decelerating proportional change (James 1953 , Berry and Raison, 1981 , Tjoelker et al. 2001 , such that if one uses the Q 10 approach to characterize this, the Q 10 is lower across any given temperature span at higher than at lower temperatures (Tjoelker et al. 2001 , Atkin et al. 2005 , Zaragoza-Castells et al. 2008 , O'Sullivan et al. 2013 . However, different studies have described this curve as increasing non-linearly either at a constant proportional rate or a decelerating proportional rate; thus, the nature and variability among taxa of the short-term temperature response function of leaf respiration remains uncertain (Atkin et al. 2005 , O'Sullivan et al. 2013 ).
The exponential model (Eq. 1) (Luo et al. 2001 , Bruhn et al. 2008 , Tjoelker et al. 2009 , Slot et al. 2014 and Arrhenius model (Eq. 2) (Lloyd and Taylor 1994 , Turnbull et al. 2001 , Griffin et al. 2002 , King et al. 2006 , Xu and Griffin 2006 have been widely used to describe the respiration-temperature response curves and a constant Q 10 has been used in several simulation models (Schimel et al. 1997 , White et al. 2000 , Cramer et al. 2001 . Work by Atkin et al. (2005) , O'Sullivan et al. (2013) and Heskel et al. (2014b) found a polynomial model (Eq. 3), with a value of c < 0, the best model to describe their observations. Recently, a Michaelis-Menton type model (Eq. 4) was used to fit the respiration-temperature response curves (Kruse et al. 2011) . We examined the alternative approaches with our data, and used the results to inform our choice of which to focus on in this paper. We examined four models: ) is the activation energy of respiration, r is the universal gas constant (8.314 J mol
) and a, b and c are coefficients that describe the temperature response of the natural log of respiration (O'Sullivan et al. 2013 ).
) is the overall activation energy at the reference temperature and δ(T ref ) is coefficient (K 2 ) that determining the dynamical changes of E 0 with temperature (Kruse et al. 2011) . T and T ref are in degree Celsius in Eqs (1) and (3) and in Kelvin in Eqs (2) and (4). A temperature-dependent Q 10 can be calculated from parameters in Eq. (3) (Atkin et al. 2005 , O'Sullivan et al. 2013 ):
A value of c < 0 in Eq. (3) indicates a decrease in Q 10 (which can be evaluated at every point along the curve) with temperature, and a value >0 indicates an increase in Q 10 with temperature.
In our study, curves were considered for analysis only when all points fit within a 95% confidence interval, the R 2 value exceeded 0.60 and the overall curve and slope parameters were at least marginally significant at P < 0.10 for all of the four models. In total, 894 curves met these requirements, with an average R 2 of 0.94, and with 99% significant at P < 0.05.
Among the four equations, Eqs (3) and (4) had a slightly higher R 2 and lower root mean square error (RMSE) than
Eqs (1) and (2) (Table 1) . However, among our 894 curves, 507 (57%) had c < 0 and 387 (43%) had c > 0 ( Figure S2 available as Supplementary Data at Tree Physiology Online), with roughly half of the curves for Eq. (4) also not supporting a decelerating function (51% of curves had δ(T ref ) < 0) ( Figure S3 available as Supplementary Data at Tree Physiology Online). Thus for our sample, an accelerating proportional change in respiration was almost as likely as a decelerating proportional change, refuting the idea that a decelerating model (Atkin et al. 2005 ) is a good choice overall for our data, perhaps because of a limited range of measurement temperatures in our study (compared with O'Sullivan et al. 2013 or Heskel et al. 2016 . Given that use of either Eq. (3) or (4) is inconsistent with any single shape of the response function, including the deceleration framework that is the underlying premise of both models, we did not use either to describe our measured response curves. Eqs (1) and (2) had a similar R 2 and RMSE (Table 1 ) and were roughly equally accurate across the full range of measurement temperatures. Moreover, the predicted respiration rates from Eqs (1) (exponential function) and (2) (Arrhenius function) at the reference temperature were nearly identical ( Figure S4 available as Supplementary Data at Tree Physiology Online). Q 10 from Eq. (1) was significantly correlated with E a from Eq. (2) ( Figure S5 available as Supplementary Data at Tree Physiology Online). For these data, using the exponential fit was thus a reasonable statistical approach, and we therefore only report parameters from Eq. (1); but do not intend this as an indication that Eq. (1) is preferable to Eq. (2).
To compare leaf respiration rates across species, years, times of season, sites, habitats and warming treatments, we calculated the respiration rates of all leaves at the mid-point of our temperature response curve, 25°C (R 25 ), using Eq. (1). We also calculated the respiration rates at 20 and 23.4°C for both ambient and elevated temperature treatments (R 20 Ambient , R 20 Elevated , R 23.4 Ambient and R 23.4 Elevated ) to assess the effect sizes and acclimation of respiration to warming. We chose these values as they are closer to the mean plant surface temperature averages on the measurement dates, yet still use a value (20°C) as a reference that has been commonly used in other studies.
We calculated the effect size of warming at a common temperature (E ComTemp ) to indicate the change in proportion to the ambient treatment:
where a value of <1 means down-regulatory acclimation occurs, a value of ≥1 means no such acclimation occurs. This metric is also called the set temperature acclimation (Loveys et al. 2003, Slot and Kitajima 2015) . We also calculated the pure effect size of warming (E Pure ) (by comparing respiration for each treatment at temperatures reflecting their growth temperatures) to evaluate how different the realized respiration rate under the warmed treatment is when compared with ambient plants at ambient conditions:
where a value of ≤1 means homeostatic acclimation (the respiration rates were no higher in warmed than ambient plants at their respective growth temperatures), and a value of >1 means partial or no acclimation (higher respiration in warmed plants at +3.4°C elevated temperature than for ambient plants). This metric has been called the long-term acclimation ratio (Larigauderie and Körner 1995) .
To assess how much of the potential increase in respiration the acclimation eliminates, we calculated percent acclimation (%Acclim, %) as where a value of <0 means no acclimation, a value between 0% and 100% means partial acclimation, 100% means complete acclimation and >100% means over acclimation. Mixed-effect analyses of variance were conducted to compare Q 10 and R 25 for 2009-11 across or within species, because all three species were measured each year for 2009-11. The independent variables included in the models were year, time of season (early, middle and late parts of the growing seasons), site, habitat, treatment, and all two-and three-way interactions among the variables. For the analysis conducted across species, the species and their two-and three-way interactions with the other variables were also included as independent variables.
An additional model was run separately by year (2009, 2010, 2011 and 2012) because different subsets of species were measured in some years. This model included site, habitat, treatment, and all two-and three-way interactions among the variables for identifying any effect of warming on Q 10 and R 25 within years. For the analysis conducted across species, the species and their twoand three-way interactions with the other variables were also included as independent variables. Due to the imbalance of the leaf traits data set among sites, habitats, times of season and years, we only tested the effects of warming on leaf traits such as N content using the one-way ANOVA method; the interactions between warming and other variables were not analyzed.
Q 10 , R 25 and leaf traits were log-transformed to fit assumptions of a normal distribution. All data analyses used JMP 10.0 (SAS Institute, Cary, NC, USA).
Results
Response of leaf respiration to warming
In this study, all three species were measured at both sites from 2009 to 2011; A. rubrum and B. papyrifera were also measured in 2012. We therefore tested responses of Q 10 and R 25 across 2009-11 for all species in a single model and also examined each species individually across years measured (2009-12 for A. rubrum and B. papyrifera and 2009-11 for P. tremuloides). Across all sources of variations from 2009 to 2011 (i.e., for the three species in all common years measured), the warming treatment had a significant negative effect (0.0001 < P < 0.05) on R 25 (whether pooled across species or for each species individually), whereas there was no significant effect (0.37 < P < 0.72) on Q 10 for all species pooled or any single species (Tables 2  and 3 , Figures 1 and 2) . Examinations for each year showed similar effects of warming on R 25 and Q 10 across two or three species or for any single species (Table S3 and S4 available as Supplementary Data at Tree Physiology Online, Figure 3 ). Thus, warming had no impact on the shape of the instantaneous respiration-temperature relationship within or across species. Across all sources of variation (sites, habitats, times of season and years), Q 10 was 1.97 (±0.03) and 2.01 (±0.04) in warmed and ambient treatment for A. rubrum, 1.96 (±0.03) and 1.95 (±0.03) for B. papyrifera, and 2.15 (±0.05) and 2.19 (±0.12) for P. tremuloides. However, warming did result in a consistent downregulation of the elevation of the curve, here represented by R 25, supporting Hypotheses 1 and 2. R 25 was 16.7% (±1.0%) and 20.9% (±1.3%) lower in warmed plots than ambient plots for A. rubrum and B. papyrifera averaged across 4 years, and was 17.5% (±1.6%) lower for P. tremuloides averaged across 3 years, respectively.
Although R 25 (as expected), and to a lesser extent, Q 10 , did vary somewhat among species, years, times of season, sites and habitats, there were very few interactions of these with the warming treatment (Tables 2 and 3, see Tables S3 and S4 available as Supplementary Data at Tree Physiology Online), refuting Hypotheses 3 and 4, and indicating that the response of respiration to elevated temperature was quite consistent across all of these sources of variation. For example, R 25 averaged across the three species from 2009 to 2012 was 18.6 (±1.0%) and 20.5% (±1.3%) lower for warmed plants than ambient-grown plants in the open Table 2 . ANOVA results for exponent of the exponential short-term temperature response function (Q 10 ) and respiration rate at standard measurement temperature (R 25 ) across A. rubrum, B. papyrifera and P. tremuloides measured in 2009, 2010 and 2011, respectively. The independent variables included were year, season, site, habitat, species, treatment and all two-and three-way interactions. For three-way interactions, only those significant interaction (P < 0.05) on Q 10 or R 25 were reported in this and understory conditions, respectively (Figure 1d-f) . Similarly, R 25 averaged across the three species from 2009 to 2012 was 17.7 (±1.0%) and 20.2% (±1.5%) lower for warmed plants than ambient-grown plants at the CFC and HWRC sites, respectively (Figure 1d-f) . Finally, R 25 was 16.5 (±1.2%), 16.2 (±1.6%) and 21.4% (±1.5%) lower in warmed plots in early, middle and late Table 3 . ANOVA results for exponent of the exponential short-term temperature response function (Q 10 ) and respiration rate at standard measurement temperature (R 25 ) for each species measured in 2009, 2010 and 2011. The independent variables included were year, season, site, habitat, treatment and all two-and three-way interactions. For three-way interactions, only those significant interaction (P < 0.05) on Q 10 or R 25 were reported in this (Table S3 available as Supplementary Data at Tree Physiology Online) and down-regulation of R 25 , considered as a measure of the extent of acclimation given stable Q 10 (Table S4 available as Supplementary Data at Tree Physiology Online), were relatively similar across light environments, sites and times of the growing season.
In each year, R 25 was significantly lower for warmed plants than ambient-grown plants either across the three species or individually for P. tremuloides (0.0001 < P < 0.05) or A. rubrum (0.0001 < P < 0.09) (Table S4 available (Tables 2  and 3 ). However, R 25 of B. papyrifera in the warmed treatment was not significantly lower than in ambient treatments in 2009 (P = 0.6701), but was significantly lower in 2010, 2011 and 2012 (0.0001 < P < 0.01) (Table S4 available as Supplementary Data at Tree Physiology Online). However, on an absolute basis, the decreases in R 25 due to warming increased with successive year in A. rubrum and B. papyrifera, but not in P. tremuloides (Figure 3d-f) .
Acclimation metrics describing leaf respiration to warming R 25 , as a measure of acclimation using identical measurement temperature, is just one of several metrics of acclimation. The effect size at common temperature (E ComTemp ), pure effect size (E Pure ) and percent acclimation (%Acclim) averaged 0.82 (±0.02 SE), 1.02 (±0.03) and 93% (±10%), respectively (Figure 4 ), and were relatively consistent across all sources of variation (Figures 4 and 5) . For instance, averaged across all measurement years, %Acclim in the open and understory conditions were 81 (±23) and 89% (±20%) for A. rubrum, 99 (±25) and 80% (±29%) for B. papyrifera, and 93 (±21) and 100% (±21%) for P. tremuloides, respectively (Figure 5a ). Similarly, %Acclim was 84 (±18), 83 (±24) and 103% (±9%) for early, middle and late part of the growing season, respectively, when averaged across three species (Figure 4b ). These results indicate that the acclimation of leaf respiration to warming was nearly homeostatic for these three species (the respiration rates were only minimally higher in warmed than ambient plants at their respective growth temperatures). The acclimation of P. tremuloides did not vary with years, but increased with time in A. rubrum and B. papyrifera (Figure 6 ), partly supporting Hypothesis 6. This acclimation represents a profound shift in performancethe increase in respiration in plants experimentally warmed by +3.4°C (R 20 Ambient vs R 23.4 Elevated ) was only a small fraction of what would be expected based on the short-term temperature response of a non-acclimated plant (R 20 Ambient vs R 23.4 Ambient ) ( Figure S6 available as Supplementary Data at Tree Physiology Online). Without acclimation, +3.4°C warming would increase respiration by an average of 24.9% across species, treatments, sites, habitats, times of season and years. Because of acclimation, the realized increase in respiration with warming was 1.6%, onefifteenth of what would be expected of non-acclimated plants.
The effects of warming on leaf traits and their scaling to respiration
Most leaf traits measured were not affected by warming, either when compared across or within species (Figure 7) , generally refuting Hypothesis 5. For example, when examined across the three species, SLA, N content, soluble carbohydrates and starch were not significantly changed by +3.4°C warming; although leaf N did decrease marginally with warming in all three species. Within species, only soluble carbohydrates were significantly affected by +3.4°C warming in A. rubrum (with 29% decrease), while other traits for other species were not affected. Tree Physiology Online at http://www.treephys.oxfordjournals.org However, in accordance with H5, leaf traits were in some cases significantly related to Q 10 and R 25 , but the variance explained was very small for the former (Figure 8 ). Q 10 significantly increased with leaf N, and decreased with SLA and starch content. R 25 increased with soluble carbohydrate and N content, but decreased with SLA (Figure 8 ). Most of these relationships were not affected by warming, except for (i) the Q 10 -leaf N relationship, which was not significant in the ambient treatment, but significant in the elevated treatment, and (ii) the R 25 -soluble carbohydrate relationship, which was marginally significantly downward shifted by warming (60% decrease in slope of the relationship, P = 0.07) (Table 4) . Furthermore, leaf traits and their response to warming were not correlated with respiration acclimation metrics (data not shown).
Discussion
Understanding the degree of respiration acclimation to warming is essential for accurately predicting terrestrial C cycling in a warming world. Examining the consistency of leaf respiratory response to global warming across spatial and/or temporal scales provides primary evidence in selecting parameters for characterizing respiration in C cycling and climate system modeling. All three dominant
North American deciduous tree species tested in this study showed strong acclimation of leaf respiration to experimental warming. Furthermore, the respiratory response to warming was consistent across time of season, site and habitat (light environment), indicating a time-and space-independent response in this boreal-temperate forest ecotone.
The consistent response of leaf respiration to warming across seasons, sites and habitats
Our results demonstrated that the effect of warming on both short-term response functions and longer term acclimation of leaf respiration were largely independent of time of season, site and habitat. When viewed in concert with the similar responses among species (see below), the results strongly suggest that acclimation of leaf respiration to warming is a general response that is not strongly context-or taxon-dependent for deciduous woody plants in seasonal temperate and boreal environments. Compared with the understory habitat, the plants in the open habitat received the most direct sunlight, and had higher photosynthetic and growth rates . As respiratory response to environmental changes is regulated by the availability of substrates and/or adenylates at moderate temperatures Tjoelker, 2003, Tjoelker et al. 2009 ) and is driven by photosynthesis (Griffin et al. 2002 , Hartley et al. 2006 , we hypothesized that open habitat plants would have relatively higher Q 10 and degree of respiration acclimation to experimental warming than plants in the understory. The observation that both soluble carbohydrate and starch contents were similar between open and understory habitats ( Figure S7 available as Supplementary Data at Tree Physiology Online) did not support these predictions in any fashion. The warming, however, resulted in greater decreases in soil moisture in open than in understory habitat . The decreased availability of soil moisture could limit the increase of photosynthesis and weaken the response of respiration to warming (Bryla et al. 1997 , 2001 , Turnbull et al. 2001 , Crous et al. 2011 , Jarvi and Burton 2013 , Joseph et al. 2014 , resulting in similar respiratory responses to warming in open and understory habitats, consistent with findings either under controlled conditions or in the field (Zaragoza-Castells et al. 2007 , Rodriguez-Calcerrada et al. 2010 . Similar proportional responses to warming of growth and photosynthesis in open and understory habitats ) supports these ideas. Tree Physiology Online at http://www.treephys.oxfordjournals.org Across climate gradients, differences in growth temperature and availability of soil water can cause large differences in the response of leaf respiration to warming (Bryla et al. 1997 , 2001 , Turnbull et al. 2001 , Lee et al. 2005 , Xu and Griffin 2006 , Tjoelker et al. 2008 , Crous et al. 2011 . The growth temperatures in our study, however, did not significantly differ between CFC and HWRC. The mean temperatures during the growing season were only 0.9 and 0.5°C higher at HWRC than at CFC, respectively, for the open and understory habitats for 2009-12 (Table S1 available as Supplementary Data at Tree Physiology Online). These differences were much smaller than the experimental increases in temperature (+3.4°C). Additionally, the warming treatment had similar effects (−23.5% vs −22.7%) on soil volumetric water contents for CFC and HWRC sites (unpublished data). The similar thermal conditions and warming effects on soil water content likely led to the consistent responses of leaf respiration to warming among the sites.
The seasonal patterns of respiration responses to experimental warming have been rarely addressed (Zhou et al. 2007 , Tjoelker et al. 2009 , Ow et al. 2010 ). In our study, leaf respiration rates decreased over the course of the season (P < 0.0001), with higher rates in the early season (Figure 2d-f) , likely due to a higher density of mitochondria in younger leaves ). An alternative explanation is that early season cool temperatures led to increasing rates at that time of year due to acclimation of leaf respiration ( Figure S8 available as Supplementary Data at Tree Physiology Online) (Heskel et al. 2014a . We, however, did not observe a significant interaction between warming and time of season (Tables 2  and 3 ), indicating that younger leaves have similar responses to warming to older leaves. This result was consistent with the finding of similar acclimation to both seasonal and experimental warming in our companion paper ) and with findings by Heskel et al. (2014a) , who found that leaf respiration of Eriophorum vaginatum L. (sedge) and Betula nana L. (dwarf birch) was not affected by the interaction of season and warming in Arctic tundra. However, these results contradict reports of acclimation of leaf respiration varying with seasonal temperature changes (Tjoelker et al. 2009 ) or experimental warming (Zhou et al. 2007) . Most current understanding of the seasonal patterns of respiration response to temperature change are based on field studies across large latitudinal/altitude or seasonal thermal Figure 8 . The scaling of (a-d) exponent of the exponential short-term temperature response function (Q 10 ) and (e-h) estimated respiration rate at a common measurement temperature of 25°C (R 25 ) to SLA, leaf N content, soluble carbohydrate and starch contents. Table 4 . Effects of warming on the relationships between leaf traits and exponent of the exponential short-term temperature response function (Q 10 ) and respiration rate at standard measurement temperature (R 25 ). gradients (Lee et al. 2005 , Xu and Griffin, 2006 , Tjoelker et al. 2009 , Crous et al. 2011 . In those field studies, the temperature changes or variations were usually greater than the +3.4°C applied in our study. However, global warming is characterized as a gradual increase in temperature over time. Thus, the relatively small increment applied in our experiment may better mimic the gradual nature of warming, making our results more applicable in predicting C cycling in a warming environment. Our observations demonstrated an accelerated acclimation of leaf respiration to warming with each successive year in two of the three species. Although acclimation is greater in leaves that develop at a new temperature than in pre-existing leaves (Loveys et al. 2003 , as these three species are deciduous, all leaves measured in the study developed under contrasting thermal regimes in the two warming treatments. To our knowledge, there is neither theory nor empirical evidence to predict whether acclimation should grow stronger over a period of years, so further work in this direction is needed.
The consistent response of leaf respiration to warming across species
Our observations across and within the three deciduous tree species showed that warming consistently and significantly decreased R 25 but did not affect Q 10 , consistent with prior evidence that short-and long-term warming can cause downward regulation in respiration-temperature response curves Tjoelker, 2003, Atkin et al. 2005 ). The unchanged respiration exponent (Q 10 ), but the decreased elevation (R 25 ) of the respiration-temperature response curves for each species with warming of +3.4°C, and the stability of these responses across habitats, sites and times of season, indicate an extremely consistent Type II acclimation of leaf respiration to warming. A Type II acclimation is thought to occur over longer periods of time or in leaves that develop at the new temperature (ZaragozaCastells et al. 2007 , Ow et al. 2008 , as opposed to a Type I acclimation, which is characterized by the decrease in the exponent of the respiration-temperature response curve (Atkin and Tjoelker 2003) . In our study, the warming treatment was implemented early in the 2009-12 growing seasons before leaf-out had initiated, ensuring that measured leaves developed in the new thermal environment. Our observation of Type II acclimation concurred with studies of boreal, temperate and tropical species (Tjoelker et al. 1999a , Lee et al. 2005 , Slot et al. 2014 , including the other seven species from our companion paper . Type II acclimation has a greater potential than Type I acclimation to slow the positive feedback to the global C cycle between warming and leaf respiration because of the greater degree of homeostasis achieved in tissues that exhibit Type II acclimation (Atkin and Tjoelker 2003 , Atkin et al. 2005 , Slot and Kitajima 2015 . Although the species differed modestly in Q 10 and substantially in R 25 , they did not differ significantly in their response to warming and had similar effect sizes; suggesting very general acclimation responses for these three deciduous angiosperm species. The respiration rates of warmed plants under +3.4°C warming (R 23.4 Elevated ) were only slightly higher on average than the rates of ambient plants at ambient temperature (R 20 Ambient ) ( Figure S6 available as Supplementary Data at Tree Physiology Online). The percent acclimation (% Acclim) ranged from 86% to 100% among species across all sources of variation, with a mean percent acclimation of 93%. These three species, and the seven others examined in less detail in our companion paper, did not differ markedly in the magnitude of acclimation ). These results therefore suggest a much lower increase in CO 2 release than would occur without acclimation.
Leaf traits are often sensitive to changes in temperature. With increasing growth temperature, SLA usually increases (Poorter et al. 2009 ), while soluble carbohydrates and N content decrease (Lee et al. 2005 , Tjoelker et al. 2008 ). However, our results demonstrate modest responses of these leaf traits to warming (Figure 7) , perhaps due to the relatively smaller changes in temperature in our study (+3.4°C) compared with experiments across broad geographical or seasonal thermal gradients (Lee et al. 2005 , Tjoelker et al. 2008 , Poorter et al. 2009 ). Furthermore, area-based respiration and its response to warming was significantly positively correlated with mass-based respiration and its response ( Figure S1 available as Supplementary Data at Tree Physiology Online). Thus, SLA may not be the factor that is responsible to respiratory acclimation to warming.
Although general relationships between respiration and leaf traits have been established (Reich et al. 1998 , Tjoelker et al. 2008 , there is limited evidence to examine whether respiratory acclimation to temperature is associated with changes in leaf traits. Tjoelker et al. (1999b) and Lee et al. (2005) observed associations between respiratory acclimation and changes in leaf N and carbohydrate concentration in controlled and field conditions, respectively, while Atkin et al. (2000b) suggested that acclimation was not associated with changes in soluble sugars in field conditions. Our results demonstrate that changes in leaf traits were not related with acclimation metrics (data not shown); by contrast, the scaling of leaf N to Q 10 and soluble carbohydrates to R 25 were affected by warming (Table 4) . Therefore, acclimation of leaf respiration might be associated with the adjustment in respiratory capacity and its relation to leaf soluble carbohydrate and N content, rather than changes in leaf properties per se. Additionally, although not statistically significant, lower N content in warmed plants for all three species and lower non-structural carbohydrate content in warmed plants in two of three species is consistent with lower positions on the R 25 -leaf N and R 25 -soluble carbohydrate relationships ( Figure 8) ; hence, the general direction of leaf trait shifts and
Tree Physiology Online at http://www.treephys.oxfordjournals.org respiration with warming is consistent nonetheless with our overall hypothesis.
Implications for patterns and modeling of respiratory C release
Respiration in terrestrial plants releases~64 Gt of C each year to the atmosphere, accounting for up to 65% of the gross primary productivity of terrestrial ecosystems (Field 2001 , Prentice et al. 2001 . Autotrophic respiration and its acclimation to rising temperature is thus very important to the C balance of terrestrial ecosystems (Grace and Rayment 2000, Valentini et al. 2000) .
Our observations over 4 years demonstrated consistent respiratory response and acclimation to experimental warming across species, times of season, sites and habitats for broadleaved juveniles in the boreal-temperate ecotone, and suggest that modeling of temperature acclimation may be possible with relatively simple functions. Whether this novel finding is general and results from long-term exposure to modified thermal environments, which will be the norm under climate change, is an important question that warrants further investigation.
Supplementary Data
Supplementary data for this article are available at Tree Physiology Online.
